Introduction
The family Adenoviridae is divided into two genera : Mastadenovirus, which includes members infecting mammalian animals and humans, and Aviadenovirus, consisting of three serological groups of viruses infecting birds (groups I, II and III). Group I aviadenoviruses include fowl adenoviruses (FAdV) and group III consists of the egg drop syndrome 76 (EDS) virus. Our current knowledge of adenovirus molecular biology is based almost entirely on studies of mastadenoviruses, primarily human adenovirus types 2 and 5 (AdV-2 and AdV-5). The virus replication cycle can be divided into two phases which are separated by the onset of viral DNA replication. Genes expressed early in the replication cycle, including E1A, E1B, E2, E3 and E4, function to initiate and control viral gene expression and DNA replication, to provide a favourable environment in the host cells for virus replication, and to set up virus systems that antagonize the host antiviral defence system (for a review see Shenk, 1996) . The major late unit, which transcribes five families of late mRNAs (L1-L5), Author for correspondence : E; va Nagy.
Fax j1 519 824 5930. e-mail enagy!ovcnet.uoguelph.ca adenovirus E1A, E1B, E3 and E4 were found in the ends, and (3) the left 6 kb and the right 13 kb ends showed no homology to mastadenoviruses. Several genomic features were unique to FAdV-8 compared to CELO virus. FAdV-8 contained one fibre gene in contrast to two in CELO virus. Three of eight unassigned ORFs in the left and five of 13 unassigned ORFs in the right ends were unique compared to CELO virus. Two sets of tandem repeats, one with five identical 33 bp repeats and the other with more than ten identical 135 bp repeats, mapped between 4n5 and 7n5 kb from the right terminus. No virus-associated RNA gene was found. Fifteen of 16 unique FAdV-8 ORFs tested were, as determined by RT-PCR, transcribed early.
encodes mainly viral structural proteins or proteins involved in the assembly of progeny virions.
The FAdV group I consists of twelve serotypes, FAdV-1 to FAdV-12, distinguished on the basis of serum neutralization tests (McCracken & Adair, 1993 ; McFerran & Adair, 1977) . In comparison to mastadenoviruses, our understanding of the molecular biology of aviadenoviruses is poor. Although FAdV is similar to mastadenovirus in physical shape, size and structure (Laver et al., 1971) , the FAdV genome is generally larger than that of mastadenoviruses and the homology between them, as determined by DNA hybridization, is limited (Alestro$ m et al., 1982) . The recent report on the complete DNA sequence and genomic organization of FAdV type 1, CELO strain reveals some striking differences between these two genera (Chiocca et al., 1996) . First, the CELO virus genome is approximately 8 kb larger than that of the human AdV-2 (43 804 vs 35 937 bp). Second, although the CELO virus genes for viral major structural proteins E2 and pIVa2 are located in the expected central region of the genome as is the case for mastadenoviruses, the nucleotide sequence of the left (about 5 kb) and right (about 15 kb) terminal regions of the CELO virus genome show no homology to mastadenoviruses. Third, no regions homologous to mastadenovirus E1A, E1B, E3 and E4, which play fundamental roles in activation and regulation of virus gene expression, DNA replication and virus-host interaction, were found in the CELO virus genome.
These features unique to the FAdV-1 CELO strain raise the following questions concerning the current model of adenovirus replication and interactions between the virus and its host. Does FAdV utilize a strategy different from mastadenoviruses to bypass the requirements for the functions encoded by E1A, E1B, E3 and E4 genes? Does FAdV encode a set of novel early proteins to perform functions similar to those of E1A, E1B, E3 and E4 of mastadenoviruses? To date these genomic features have been reported only in the FAdV-1 CELO virus. Therefore, to answer these questions, it is of primary importance to investigate if these features found only in the FAdV-1 CELO virus are common to other FAdV types. Since genes for viral structural proteins and proteins involved in viral DNA replication are conserved and located in the central part of the genome in both mast-and aviadenoviruses, we report the DNA sequences and the genomic organization of the left (7n5 kb) and right (17 kb) terminal regions of the FAdV-8 (strain A-2A) genome, where genomic features unique to the CELO virus genome are present. In addition, the transcription profiles of the eight unique ORFs in the left and eight unique ORFs in the right terminal regions were analysed.
Methods
Virus and viral DNA clones. FAdV-8, strain A-2A was obtained from the ATCC. Restriction enzyme fragments of FAdV-8 DNA used for the sequencing are shown in Fig. 1 . The details of virus growth, virus purification, DNA extraction and cloning of the restriction enzyme fragments were described by Clavijo et al. (1996) . The terminal protein was removed by alkaline treatment as described by Clavijo et al. (1996) prior to cloning. The gap between fragments SpeI D and EcoRI F was sequenced from cloned PCR products derived from the viral genomic DNA with primers residing in the near ends of each fragment. Three independent clones containing the resultant 300 bp fragment were sequenced to ensure reliability. The plasmid DNA for sequencing was prepared using a plasmid DNA preparation kit (QIAGEN).
Nucleotide sequencing and data analysis. The DNA sequencing reaction was done by the Guelph Molecular Supercentre, University of Guelph, using the Taq dyedeoxy terminator system with an ABI 377 automatic sequencing apparatus. A primer walking strategy was used to complete sequences of both strands of the DNA fragments. Ambiguities were resolved by resequencing the region using either the same primers or nearby ones. Primers were either purchased from GIBCO-BRL or made by the Guelph Molecular Supercentre. Sequence data were analysed using the University of Wisconsin Genetics Computer Group (GCG) programs and homology searches were done using tblastn and TFastA (Altschul et al., 1990 ; Devereux et al., 1984) .
RT-PCR.
Chicken hepatoma (CH-SAH) cells were cultured according to Scholz et al. (1993) . Previously, we have shown that this cell line can support full FAdV-8 replication (Alexander et al., 1998) . Eighty percent confluent CH-SAH cell monolayers in 60 mm Petri dishes were infected with FAdV-8 at an m.o.i. of 10 with and without the presence of cytosine arabinoside (AraC, Sigma) at 50 µg\ml. The total RNA was extracted at various times post-infection (p.i.) using the RNeasy kit (QIAGEN) Fig. 1 . Restriction enzyme maps of FAdV-8 genome. The restriction enzyme maps are taken from Clavijo et al. (1996) . The fragments in bold were used for sequencing.
according to the manufacturer's instructions. The total RNA was treated with DNase I to ensure that residual viral DNA was eliminated. The first strand cDNA was generated from 5 µg total RNA in a 50 µl reaction volume. Briefly, the total RNA was heated at 70 mC for 10 min with 100 ng random hexamer primers (Promega), incubated at 25 mC for 15 min and reverse transcribed with 50 mM Tris-HCl pH 8n3, 75 mM KCl, 10 mM DTT, 3 mM MgCl # , 500 µM dNTPs and 200 units of SuperScriptII RNase H reverse transcriptase (GIBCO-BRL) at 42 mC for 1 h. Reactions without the addition of reverse transcriptase were used as controls. RNA complementary to the cDNA was removed by incubation with 20 µg RNase H at 37 mC for 30 min. A 5 µl aliquot of the first strand cDNA preparation was amplified by PCR in a 100 µl reaction volume, therefore enabling the same first strand cDNA mix to be used with different virus-specific primer sets designed at the start and end of the tested ORFs (except for ORF RTL4, in which internal primers for the sequencing reaction were used in the PCR). A 20 µl aliquot of the RT-PCR product was analysed on a 0n8 % agarose gel stained with ethidium bromide and visualized under UV. Each RT-PCR reaction was done at least twice to ensure consistency in results.
Nucleotide sequence accession number. The GenBank accession number for the left terminal sequence data is AF021253. The nucleotide sequence towards the right terminus between 61 and 83 map units was assigned accession number AF021254, while the sequence including the right terminus between 86 and 100 map units is under accession number AF021255.
Results

ORFs identified in the left terminal region
The fragments indicated in Fig. 1 were used to generate the complete 7453 bp sequence of the left terminal region. Nine ORFs, which have coding potential for more than 100 amino acids (aa), were identified (Fig. 2) . Homology searches with the database sequence and comparison of similarity and identity were performed using TFastA, tblastn and GAP functions of the GCG package with the default parameters. The ORF located at the right end of the left terminal sequenced region was homologous to pIVa2 of mastadenoviruses. The rest of the ORFs showed no homology to mastadenovirus genes. ORFs LTR1, LTR2, LTL2, LTL3 and LTL5 had corresponding Chiocca et al. (1996) . Only those ORFs which have coding potential for more than 100 aa are shown. The first two letters in the ORF names of FAdV-8 indicate right (RT) or left (LT) terminal regions ; the third letter indicates orientation of the ORF, rightward (R) or leftward (L) ; the numbers indicate the relative positions of the ORFs to each other. The size of the genome is from Clavijo et al. (1996) . Filled bars represent unassigned ORFs of CELO virus in the right direction (above the CELO map) and leftward ones are shown below. Numbers with the bars are the sizes in aa of the corresponding ORFs. ORFs common to both FAdV-8 and FAdV-1 are indicated by an asterisk. ITR, inverted terminal repeats ; DPD, DNA packaging domain ; TR, tandem repeat.
counterparts in the type 1 CELO virus. However, ORFs LTL1, LTL4 and LTL6 were unique to FAdV-8 (Table 1 ; Fig. 2 ). None of the ORFs were related to E1A and E1B of mastadenovirus.
LTR1 had significant homology to a CELO virus 178 aa unassigned ORF and to human dUTPase, vaccinia virus early F2L ORF, the ORF1 of the E4 in human AdV-12 and the segment encoding dUTPase activity of the pol polyprotein of equine infectious anaemia and visna viruses. LTR2 was highly related to a CELO virus 276 aa unassigned ORF and to NS1 genes of Muscovy duck and adeno-associated (AAV) parvoviruses (Table 2 , with accession numbers therein). The other ORFs located in this region did not show significant homology to any protein of assigned function in the database.
ORFs identified in the right terminal region
Seventeen ORFs with coding potential for more than 100 aa were identified in the 17n5 kb sequence of the right terminal region (Fig. 2) . Similar to the FAdV-1 CELO virus (Chiocca et al., 1996) , ORFs which encode 100K, late 33K, pVIII and fibre were located toward the central region of the FAdV-8 genome and were conserved with those of mastadenoviruses. No late 33K homologue was present in the FAdV-1 CELO virus. Only Chiocca et al. (1996) . CELO virus homologues to RTL7 and RTR1 were not described in Chiocca et al. (1996) but were found using tblastn on the CELO sequence. E, Early ; L, late ; , not done ; No, no homologues. The percentage identity and similarity were calculated using the GAP function of the GCG package with default parameters.
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one fibre gene was identified in the expected location in the FAdV-8 genome. The 571 aa FAdV-8 A-2A fibre ORF had 45 % and 55 % identity with the 425 aa and 429 aa single fibre ORFs of CFA 3 and CFA 40, two other FAdV-8 viruses (Pallister et al., 1996) , respectively. The identity with the FAdV-1 793 aa long and 412 aa short fibre ORFs was 39 % and 43 %, respectively (Hess et al., 1995 ; Chiocca et al., 1996) , while that with the EDS virus single 644 aa fibre was only 26 % (Hess et al., 1997) . A region of about 390 aa and another of 470 aa of the FAdV-8 fibre aligns with the CELO long and short fibres, respectively. Of the 13 ORFs which did not have homologues in mastadenoviruses, five (RTL3, RTL8, RTR2, RTR3, RTR5) were unique to FAdV-8, while the other eight had homologous counterparts in the CELO virus (Table 1 ; Fig. 2 ). The CELO 321 aa ORF homologue of the FAdV-8 RTL1 ORF was located on the opposite (r) strand of the genome compared to FAdV-8. The homologue of ORF RTL4, which has a coding potential for 721 aa, mapped to two adjacent CELO virus ORFs (Chiocca et al., 1996) . FAdV-8 ORFs RTR1 and RTL7 were homologous to two previously unreported 117 aa and 184 aa long ORFs, respectively, present in CELO virus (Table 1 ; Fig. 2 ). These overlap with the 100K and pVIII genes, respectively, in both viruses. In comparison to FAdV-1 CELO, by searching for homology to known virus-associated (VA) RNA genes, no VA RNA gene was identified in the FAdV-8 region sequenced. A homology search revealed that ORF RTL4 was related to ORF2 in the BamHI D fragment of Marek's disease virus (Table  2) . Although the EDS virus also contains one unassigned ORF in the left end and ten in the right end of the EDS virus genome (Hess et al., 1997) , none were homologous to any of the FAdV-8 unassigned ORFs.
Inverted terminal repeats (ITR) and DNA packaging signals
Comparison of sequences of the left and right termini of the FAdV-8 genome revealed the presence of a 71 bp long ITR. A multialignment of the ITRs of the FAdV-1 CELO, FAdV-8 and human AdV-2 is shown in Fig. 3 . Although FAdVs have a significantly larger genome than mastadenoviruses, they have a much smaller ITR. Three functional domains (A, B and C) of a replication origin have been mapped within the terminal 51 bp of the ITR in the mastadenovirus genome (Challberg & Rawlins, 1984 ; Chen et al., 1990 ; Lally et al., 1984 ; Mul & van der Vliet, 1992 ; Tamanoi & Stillman, 1983 ; van Bergeen et al., 1983) . The ITR of FAdV, particularly in FAdV-8, is highly conserved with the first 18 bp of the human AdV-5 ITR, which makes up the A functional domain, a minimal origin of replication. In contrast, much less conservation was seen among the B (19-39 bp) and C (40-51 bp) domains between FAdV and mastadenoviruses. Seven A\T-rich non-perfect repeats were identified between nt 241 and 480 of the left terminal sequence. This region has 29 % homology to the DNA packaging domain of human AdV-5 (Gra$ ble & Hearing, 1990 , 1992 as shown in Fig. 4 . Four of these FAdV-8 repeated sequences contained the consensus sequence 5h (A\T) $ TTTG 3h motif. Although there was 40 % homology between this A\T-rich repeat region and similar sequences in the left termini of both the CELO and EDS viruses (Chiocca et al., 1996 ; Hess et al., 1997) , the latter two did not have these conserved motifs.
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Tandem repeats (TR)
Two sets of TRs were identified in the region between 4n5 kb and 7n5 kb from the right terminus of the FAdV-8 genome (Figs 2 and 5 ). TR1 consisted of five, 33 bp long, identical repeats. Sequencing the TR2 region, which was approximately 2 kb in length, revealed at least five, 135 bp long, identical repeats on both ends of the region. Since there was a long stretch of repeated sequence, it was not possible to design unique primers. Consequently, it was not possible to completely sequence the central part (approximately 1 kb) of this region. When analysed using the unique SacI site located within the repeated sequence, the whole region (including the 1 kb unsequenced region) was cut into small 135 bp long fragments. The DNA fragment isolated directly from the viral genomic DNA also gave a similar digest pattern with SacI (data not shown). Thus, it is likely that this 2 kb region (including the central unsequenced part) located between 4n5 and 6n5 kb from the right terminus consists of around 17 copies of the same or very similar repeats. The same sized tandem repeats were present in different virus stocks and passage numbers as determined by Southern blot hybridization (data not shown). The region of the CELO virus genome containing the VA RNA corresponds in the TR2-containing region of the FAdV-8 genome (Chiocca et al., 1996) . However, no VA RNA gene was found, on the basis of homology to known VA RNA genes, in any of the FAdV-8 regions so far sequenced.
Transcriptional profiles of the ORFs
The temporal transcription profiles of the ORFs identified in the terminal regions were determined using RT-PCR and the results are summarized in Table 1 . Four representative transcriptional patterns are shown in Fig. 6 .
The transcription of ORF LTR1 started at 2 h p.i. and continued through the whole time-course, even in the presence of AraC (Fig. 6 C) . Because transcription of this ORF was detected prior to DNA replication and occurred in the presence of AraC it was considered to be an early gene, as is the vaccinia virus homologue F2L (Table 2) . Except for ORFs RTL5 and RTL1, all other ORF transcriptions listed as early in Table 1 were of this pattern.
Unlike other ORFs, RTR5 was not actively transcribed until 14 h p.i. (Fig. 6 D) . The transcription of this ORF was also significantly inhibited in the presence of AraC. This indicated that RTR5 was transcribed after DNA replication and was consequently classified as a late gene. The late transcription profile of ORF RTR5 was similar to that of the fibre gene, whose transcription is regulated by the major late promoter (data not shown). In fact, this was the only ORF of those tested showing a late transcription pattern (Table 1) . These RT-PCR results were reproducible in a duplicate experiment (data not shown).
The transcription pattern of RTL5 was unlike that from the simple early and late genes described above. The size of the RT-PCR product from the RTL5 ORF cDNA was the same as that predicted by the genomic DNA ORF as shown by the viral genomic DNA control. The transcription of RTL5 (Fig.  6 A) started at 2 h p.i. and lasted up to 5 h p.i. Between 5 and 14 h p.i., the transcripts decreased to almost undetectable levels but RTL5 transcription resumed again from 14 h p.i. Similarly, in the presence of AraC, the RTL5 transcripts were almost undetectable at 8 h p.i. Since this gene appeared to be transcribed early it was consequently classified as an early gene.
As shown in Fig. 6 (B) , transcription of ORF RTL1 also began from 2 h p.i. Two species of cDNA of different molecular mass were detected. One was similar to that of the predicted ORF (936 bp), while another was much smaller (approximately 350 bp). Between 5 and 14 h p.i., there was an increase in the amount of the smaller cDNA species with a corresponding decrease in the relative amount of the larger one. From 14 h p.i. onwards, the larger one was predominant. However, in the presence of AraC, the smaller transcripts appeared to predominate. Both the large and small cDNA fragments were cloned and sequenced. The large cDNA fragment was the same size and sequence as the predicted ORF, while the small one had 579 bp spliced out (from nt 117 to nt 696) and a stop codon was introduced at 210 bp downstream of the start codon (data not shown).
Discussion
Our data demonstrate that FAdV-8 shares a similar genomic organization with the type 1 CELO virus. The nucleotide sequence towards the central region encoded the viral major structural proteins, including fibre and pVIII, as well as 100K, late 33K and pIVa2, and were in the same gene order as in the mastadenovirus genome. However, in comparison to the FAdV-1 CELO virus, only one fibre gene was identified in the corresponding region of the FAdV-8 A-2A genome. The FAdV-8 A-2A fibre was most closely related to those of two other FAdV-8 viruses, CFA 3 (45 % identity) and CFA 40 (55 % identity) (Pallister et al., 1996) , closely related to the short and long fibre genes (43 % and 39 % identity, respectively) of CELO virus, another group I aviadenovirus (Hess et al., 1995) , but was only distantly related to the fibre gene of EDS virus (26 % ; Hess et al., 1997) , a group III aviadenovirus. A similar finding of a single aviadenovirus fibre gene was also reported for EDS virus and FAdV-8 strains CFA 3 and CFA 40 (Hess et al., 1997 ; Pallister et al., 1996) . Electron microscopy studies showed that eleven serotypes of FAdV, including type 8, have two fibres with various lengths attached to one penton base (Gelderblom & Maichle-Lauppe, 1982 ; Hess et al., 1995) . The complete CELO virus DNA sequence revealed that FAdV-1 was the only group I serotype sequenced to date with two fibre genes. These differ greatly in size of ORF (793 and 410 or 412 aa, respectively) and actual fibre length (583 nm and 232 nm, respectively ; Gelderblom & Maichle-Lauppe, 1982 ; Hess et al., 1995 ; Chiocca et al., 1996) . The differences in the fibre lengths of the other ten serotypes are minimal. For example, of the three type 8 strains, the fibre lengths are around 22 nm and the length difference between the two fibres in each is less than 2 nm (Gelderblom & Maichle-Lauppe, 1982) . One possibility is that the two fibres of FAdV-8 as revealed by electron microscopy are encoded by one gene and the slight difference in their length is due to either differences in conformational arrangement or differential post-translational processing. Alternatively, another fibre gene which has not yet been sequenced may exist in the central region of the genome.
The first 18 bp of FAdV-8 ITR were highly conserved with domain A of the replication origin in the mastadenovirus genome. This domain makes up a minimal origin of replication to which binds a complex of the pre-terminal protein and the DNA polymerase (Temperley & Hay, 1992) . Considering that the central region, which encodes major viral structural proteins and the E2 products including pre-terminal protein and DNA polymerase, is conserved between FAdV-8 and mastadenoviruses, it is likely that both FAdV and mastadenoviruses use the same or a very similar strategy to initiate viral DNA replication.
Adenovirus DNA is packaged into virions in a polar left-toright fashion, which is dependent on cis-acting elements at the left end of the genome (Gra$ ble & Hearing, 1990 , 1992 . Although mastadenovirus virions are similar in physical shape, size and structure to those of FAdV, their packaging capability is strictly limited (Bett et al., 1993) . A set of A\T-rich non-perfect repeats between 241 and 480 bp at the left end of the FAdV-8 genome is well-conserved with the DNA packaging domain between 191 and 390 bp of the left end in AdV-5 (Fig.  4) . However, the recently identified critical regions for human AdV-5 DNA packaging, which separate the A repeats I and II, and V and VI, are not conserved in FAdV-8 (Schmid & Hearing, 1997) . This variation indicates that the FAdV genome is likely packaged into the virion in a similar, but not identical, fashion as for mastadenoviruses whose genome is about 8 kb smaller. The FAdV genome might be more condensed than for mastadenoviruses in order for the larger viral genome to be packaged into a virion of similar size. Indeed, it was reported that FAdV-1 CELO, in comparison to the mastadenovirus, encodes different core proteins which are involved in wrapping and condensing viral genomic DNA (Chiocca et al., 1996) .
Two sets of tandemly repeated sequences were identified in the region between 7n5 kb and 4n5 kb from the right terminus. One consisted of five, 33 bp long, identical direct repeats, while the other contains at least ten, and up to about 17, 135 bp long, identical direct repeats. Tandemly repeated sequences have been documented for poxviruses Massung et al., 1994 ; Parsons & Pickup, 1987 ; Pickup et al., 1982 ; Wittek & Moss, 1980) . There are three main differences between poxvirus and FAdV-8 repeats. Firstly, the poxvirus tandem repeats consist of different types of subunits with non-repeated spacing regions, while identical, directly repeated sequences make up the FAdV-8 tandem repeats without a non-repeat spacing region. Secondly, poxvirus tandem repeats are located in both ITRs, while the FAdV-8 tandem repeats are present in the region approximately 7n5-4n5 kb from the right ITR. Thirdly, tandemly repeated sequences seem to be conserved among poxviruses, while no such tandem repeats have yet been reported for any other adenovirus. At this stage, the function of these tandem repeats is unknown. The equivalent of a VA RNA gene was not found in the sequenced regions of the FAdV-8 DNA. The VA RNA plays important roles in the counterattack by adenoviruses of the host IFN action (Gooding, 1992) . If FAdV-8 does lack the VA RNA gene, it might not need VA RNA to combat the antiviral action of IFN. Perhaps because of this lack of a VA RNA gene, this particular strain of FAdV-8 is avirulent in chickens. Alternatively, the VA RNA gene may be located closer to the central region, where the sequence has not yet been completed. It is also noteworthy to mention that no homologue to the antiapoptotic protein GAM-1 encoded by the CELO virus was identified in the equivalent region of the FAdV-8 genome (Chiocca et al., 1997) .
Most of the ORFs identified in the 6 kb left and 13 kb right terminal regions (unique in comparison to the mastadenoviruses) of the FAdV-8 genome have homologous counterparts in the FAdV-1 CELO virus. Since no homology is observed with the corresponding region in the mastadenovirus genome where E1A, E1B, E3 and E4 are usually located, it is highly likely that FAdV-8 does not encode these genes. Generally, ORFs identified in the terminal regions of FAdV-8 were located at positions corresponding to their homologous ORFs in the type 1 CELO virus genome. However, the homologue to ORF RTL1 of FAdV-8 was mapped to the opposite strand (l strand vs r strand). This variation in the placement of the ORFs may be the consequence of recombination during adenovirus evolution.
Of the novel ORFs identified in the terminal regions, only LTR1 and LTR2, located close to the left end of the genome, showed significant homology to protein sequences of known functions. ORF LTR1 was highly related to an unassigned 178 aa CELO virus ORF and to human dUTPase, the portion in the pol polyprotein gene of non-primate lentiviruses (equine infectious anaemia virus and visna virus) encoding dUTPase function, vaccinia virus F2L and the ORF1 in the E4 region of human AdV-12 and, as for the vaccinia F2L ORF, is expressed early (Roseman & Slabaugh, 1990) . Chiocca et al. (1996) previously noted the similarity of the CELO virus 178 aa ORF to dUTPase. ORF1 of human adenovirus E4 encodes a growthtransforming protein which might not express dUTPase activity (Weiss et al., 1997) . The dUTPase genes in equine infectious anaemia, herpes and vaccinia viruses, and caprine and ovine lentiviruses are not essential for the virus to replicate in cell culture (Johnson et al., 1993 ; Lichtenstein et al., 1995 ; Perkus et al., 1991 ; Pyles et al., 1992 ; Threadgill et al., 1993 ; Turelli et al., 1996) . Therefore, it is plausible to generate a deletion mutant of this ORF to further characterize its growthtransforming activity. In addition, LTR1 could be a target for insertion and expression of a foreign gene. ORF LTR2 showed significant homology to the parvovirus NS1 gene, which plays an essential role in transactivating viral gene expression (Berns, 1996) and is also present in CELO virus as a 276 aa ORF (Chiocca et al., 1996) . It would be interesting to investigate what role LTR2 plays in FAdV replication. ORF RTL4, the largest ORF identified, is related to ORF2 in the BamHI D fragment of the Marek's disease virus genome, indicating that they may be derived from a common ancestor or by genetic exchange due to co-infection of the same host.
The FAdV-8 sequence data reported in this paper, together with the complete DNA sequence of the FAdV-1 CELO (Chiocca et al., 1996) and EDS virus (Hess et al., 1997) , demonstrate that the central region of the FAdV genome, as for all adenoviruses, is responsible for encoding viral structural proteins and proteins involved in virus DNA replication and is well-conserved with mastadenoviruses and similarly must play a common core function in virus replication. In contrast, the divergence of the sequences towards the termini of the genome generally represent the more species-specific virus characteristics such as virus tropism and pathogenicity. The complete genomic sequence of the EDS virus, an aviadenovirus classified in a different serological group to FAdV (group III vs group I) and which has different pathogenicity, reveals that genes located in the central region of this genome are conserved with other adenoviruses, while sequences towards CFBE the termini contain ORFs unique to the virus itself (Hess et al., 1997) . This type of genomic feature, i.e. a conserved central core region and divergent terminal regions, is well-documented for the poxviruses as well (Moss, 1996) . Thus, the terminal regions may have experienced more variation during the evolution of the virus.
The transcriptional profiles of the ORFs unique to FAdV in comparison to mastadenoviruses were examined using RT-PCR. The first strand cDNA was prepared with random hexamer primers and the same cDNA mixture was used in the subsequent PCR of various FAdV-8 ORFs. Therefore, RT-PCR performed in this study should reflect the level of the specific species of the first strand cDNA, which, in turn, indicates the transcriptional profiles (Fig. 6 ). Early and late phases of transcription are divided by the onset of viral DNA replication. The ORF RTR5 was the only ORF transcribed at a late stage of virus infection (Fig. 6 D) . This is consistent with our study on FAdV-8 DNA replication, which showed that the replication of the viral DNA starts at approximately 12 h p.i. (Alexander et al., 1998) . The transcription of most of the early ORFs continued during the whole time-course as exemplified by ORF LTR1 (Fig. 6 C) . Early genes of mastadenoviruses demonstrate similar transcriptional patterns in that they continue to be expressed at late times after infection (Pettersson & Roberts, 1986) . However, transcription of ORFs RTL5 and the larger of two transcripts of RTL1 are confined to the very early stage of virus replication. Expression of ORF RTL5 seems to be switched off between 5 and 14 h p.i. followed by a decrease in the number of RTL5 transcripts. Consequently these transcripts might not have accumulated even with an AraC block. Transcription resumed at 14 h p.i., after DNA replication started (Fig. 6 A) . A similar pattern was observed for the large RTL1 transcript. Starting at 5 h p.i., transcription seemed to switch from the larger to the smaller RTL1 transcript, which appeared to be a spliced product in which a stop codon was introduced by a frame shift shortly after the start codon. The expression of a eukaryotic gene can be controlled by alternative splicing (Smith et al., 1989) and this smaller transcript continued to increase in relative amounts later in infection and up to 14 h p.i. Thus FAdV-8 may use alternative splicing to restrict the expression of ORF RTL1 to an early stage of replication. It is well-known that the transcription of poxvirus early genes is restricted to the early stages of virus replication (Moss, 1996) . The early transcription system is packaged within the core of the infectious poxvirus particles, which provides a mechanism for the synthesis of viral mRNA. It would be interesting to investigate what mechanism FAdV uses to limit the expression of the ORFs to only the early stage of infection, since adenoviruses do not carry the components for transcription within the virion.
To conclude, our FAdV-8 genome sequence data indicate that, as for the FAdV-1 CELO virus, the left (about 6 kb) and right (about 13 kb) terminal regions are unique to FAdV in comparison to mastadenoviruses. No E1A, E1B, E3 and E4 homologous sequences are present in the FAdV-8 genome, a genomic feature which is likely to be common among FAdVs. Transcriptional analysis showed that almost all ORFs unique to FAdVs are transcribed early. Thus, these results indicate that some may perform functions similar to those of E1A, E1B, E3 and E4 (e.g. mediating viral gene expression, DNA replication and regulating virus-host interaction). The highly conserved sequence located in the ITR of the FAdV-8 genome (the first 18 bp) similar to the mastadenovirus minimal origin of replication and the A\T-rich motifs resembling the mastadenovirus DNA packaging domains suggests that the FAdV may use the same or very similar strategies to initiate DNA replication and DNA packaging. There are important differences in the genomic organization of the two FAdV types, e.g. number of fibre genes, unique ORFs, and the presence or absence of a VA RNA gene and tandemly repeated sequences. It is conceivable that such variations are the molecular basis of the biological differences among types of FAdV.
